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INTRODUCTION 


One  problem  associated  with  air-to-air  heat  pumps  is  the  accumula¬ 
tion  of  frost  on  evaporator  heat  exchanger  surfaces.  Such  accumulations 
reduce  heat  pump  operating  efficiency  by  insulating  heat  exchanger 
surfaces  and  restricting  heat  exchanger  air  passages,  resulting  in  the 
necessity  for  evaporator  defrosting.  Theoretically,  a  fluidized  bed 
heat  exchanger  can  eliminate  the  frost  accumulation  problem. 

The  Naval  Civil  Engineering  Laboratory  (NCEL)  initiated  an 
Independent  Exploratory  Development  project  to  investigate  the  applica¬ 
tion  of  a  fluidized  bed  heat  exchanger  as  an  evaporator  for  an  air-to-air 
heat  pump.  The  objectives  of  the  investigation  were  to  identify  the 
conditions  under  which  conventional  air-to-air  heat  pumps  experienced 
evaporator  frost  accumulations  and  then  to  determine  if  a  fluidized  bed 
heat  exchanger  could  solve  the  frost  problem. 

Published  sources  provided  the  frost  formation  criteria  needed  to 
complete  the  first  objective.  A  fluidized  bed  heat  exchanger  was  then 
constructed,  and  its  adaptability  to  heat  pump  applications  was  evaluated 
at  NCEL.  One  characteristic  observed  -  moisture  accumulation  from 
condensation  within  the  fluidized  bed  -  prevents  adaptation  of  fluidized 
bed  heat  exchangers  to  air-to-air  heat  pumps. 


FROST  ACCUMULATION  WITH  CONVENTIONAL  AIR-TO-AIR  HEAT  PUMP 

Frost  accumulation  with  the  air-to-air  heat  pump  evaporator  is 
dependent  upon  evaporator  design,  refrigerant  temperature,  ambient  air 
temperature,  and  ambient  relative  humidity.  The  severity  of  frost 
formation  increases  with  increases  in  the  relative  humidity  and  with 
decreases  in  ambient  air  temperature  until  slightly  below  32°F.  Below 
about  29°F,  the  rate  of  frost  formation  decreases. 

The  actual  rate  at  which  frost  accumulates  for  any  given  ambient 
air  temperature  and  humidity  is  dependent  upon  evaporator  design  and 
refrigerant  temperature.  For  instance,  an  evaporator  with  closely 
spaced  fins  will  accumulate  frost  at  a  different  rate  than  one  with 
wider  fin  spacing. 

Evaporator  frost  formation  rates  are  presented  graphically  in 
Figure  1  and  are  tabulated  in  Table  1.  The  frost  formation  rate  data 
are  based  upon  frost  accumulation  characteristics  of  several  commer¬ 
cially  produced  heat  pumps.  Normalized  frost  formation  rates  were  used 
to  allow  a  comparison  dependent  only  upon  ambient  air  temperature  and 
humidity.  Typically,  frost  accumulations  are  sufficient  to  require 
evaporator  defrosting  from  every  45  minutes  (100%  relative  humidity  at 
29°F)  to  every  6  hours  (70%  relative  humidity  at  43°F) . 

Two  methods  for  evaporator  defrost  are  available:  use  of  rever¬ 
sible  units  or  use  of  nonreversible  heat  pumps.  Reversible  units  defrost 
by  reversing  refrigerant  flow  in  the  system  (Figure  2).  The  heat  pump 
evaporator  becomes  a  condenser  and  vice  versa.  During  the  defrost 
cycle,  hot  refrigerant  vapor  is  pumped  through  the  evaporator,  and  the 
frost  accumulation  is  melted  while  the  cold  refrigerant  is  pumped  through 
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the  condenser.  Heat  is  transferred  from  heated  spaces  to  the  outdoors 
for  ice  melting.  Thus,  to  maintain  the  required  level  of  heating  during 
the  defrost  cycle,  supplemental  heaters,  usually  electric  resistance 
type,  are  used  to  provide  building  heating  and  to  replace  the  heat 
transferred  for  defrosting.  Nonreversible  heat  pumps  utilize  evaporator 
heaters  to  remove  frost.  Several  problems  are  associated  with  evaporator 
heaters  such  as  decreased  evaporator  heat  exchange  efficiency  and 
reliability;  therefore,  reversible  cycle  heat  pumps  are  typically  used. 


FLUIDIZED  BED  HEAT  EXCHANGER 

The  fluidized  bed  heat  exchanger  is  an  approach  based  on  the  theory 
that  if  a  fluid,  at  sufficient  velocity,  is  passed  through  a  bed  of 
solid  particles,  the  drag  force  on  each  particle  will  entrain  it  in  the 
fluid  flow.  Under  certain  conditions,  a  bed  of  solids  mixed  with  moving 
air,  or  some  other  fluid,  can  attain  the  physical  properties  of  a  fluid. 

The  bed  of  solids,  under  these  conditions,  is  known  as  a  fluidized  bed. 
Objects  with  densities  less  than  the  fluidized  bed  will  float  while 
objects  with  densities  greater  will  sink.  Waves  can  be  formed  and  are 
propagated  as  they  are  in  most  fluids. 

Heat  transfer  in  a  fluidized  bed  is  based  upon  conduction  and 
convection.  For  the  heat  pump  evaporator  application,  heat  is  trans¬ 
ferred  to  a  tube  containing  a  cold  fluid  (refrigerant)  from  the  warmer 
fluid  (air)  used  to  fluidize  the  solid  particles  via  the  following: 

•  conduction  -  contact  between  the  solid  particles  and  the  tube, 
or  by  particle  contact  with  one  another 

•  convection  -  by  air  passage  over  the  tube  or  by  air  passage  over 
the  particles 

One  characteristic  of  a  fluidized  bed  is  that  its  temperature  is  essen¬ 
tially  homogeneous;  another  is  the  large  total  surface  area  associated 
with  the  bed  particles.  Although  the  heat  transferred  by  any  one  particle 
is  small,  the  total  heat  transfer  rate  of  a  fluidized  bed  is  great 
because  of  the  large  number  of  particles  involved.  Heat  transfer 
coefficients  of  10  to  200  times  greater  than  for  air-to-liquid  heat 
exchangers  are  typical. 

When  a  fluidized  bed  heat  exchanger  is  used  to  transfer  heat  from 
the  fluidization  fluid  (air)  to  a  colder  fluid  within  the  bed  (refrigerant) 
the  following  relationship  exists: 

T  >  T.  >  T 
a  b  r 

where:  Ta  =  ambient  outside  air  temperature 
T^  =  fluidized  bed  temperature 
Tf  =  refrigerant  temperature 
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A  fluidized  bed  beat  exchanger  test  prototype  (Figure  3)  was  con¬ 
structed  at  NCEL  to  provide  data  for  application  as  an  evaporator  for  an 
air-to-air  heat  pump.  A  medium  pressure  blower  (2-1/2  inches  of  water) 
was  used  to  fluidize  a  1-1/4-inch  bed  of  aluminum  oxide  particles  whose 
diameters  were  less  than  0.05  inch.  A  perforated  brass  plate  with 
1,479  holes/in.2  (hole  diameter  of  0.016  inch)  was  used  as  an  orifice 
plate.  A  finned  tube  heat  exchanger  with  1-inch  fins  (10  fins/in.)  and 
a  3/8-inch-diam  tube  was  used  as  the  heat  exchanger.  Low  outside  air 
temperature  was  simulated  by  placing  the  fluidized  bed  heat  exchanger 
test  unit  inside  the  NCEL  cold  test  chamber.  Refrigerant  for  the  heat 
exchanger  was  supplied  by  a  1/3-hp  R-12  compressor  and  condensing  unit. 

The  fluidized  bed  blower  requires  more  energy  than  required  for  a 
conventional  air-to-air  heat  pump  blower.  Much  of  the  additional  energy 
is  transformed  to  heat  in  the  pressurized  air  and  is  recovered  by  the 
evaporator.  Thus,  the  net  energy  consumption  of  the  fluidized  bed 
evaporator  should  be  comparable  to  that  of  a  conventional  unit. 


FLUIDIZED  BED  HEAT  PUMP  EVAPORATOR  EVALUATION 

Two  configurations  of  a  fluidized  bed  evaporator  were  evaluated. 

The  first  evaporator  configuration  used  a  finned  tube  while  the  second 
used  a  bare  tube.  Frost  formation  on  the  evaporator,  with  and  without 
the  fluidized  bed,  was  evaluated  for  each  configuration. 

The  conventional  finned  tube  evaporator  experienced  frost  formation 
over  a  wide  range  of  ambient  conditions  (60°F  at  40%  relative  humidity 
to  23°F  at  90%  relative  humidity).  However,  no  frost  accumulation  was 
observed  for  the  fluidized  bed  finned  tube  configuration  when  the  fluidized 
bed  temperature  was  less  than  32°F.  Operation  of  the  fluidized  bed 
evaporator  with  a  fluidized  bed  temperature  greater  than  32°F  resulted 
in  moisture  accumulation  from  water  vapor  condensation  within  the  bed. 

The  moisture  caused  the  aluminum  oxide  bed  particles  to  adhere  to  one 
another  and  form  large  lumps.  This  effect  reduced  the  total  particle- 
surface-area  to  weight  ratio  and  the  drag  lift  being  provided  by  the  air 
from  the  blower.  Fluidization  of  the  bed  terminated  and  "blowouts" 

(free  air  channels  through  the  bed)  occurred.  The  stationary  moist 
lumps  of  aluminum  oxide  in  contact  with  the  finned  tube  evaporator 
surfaces  rapidly  froze. 

Frost  accumulation  for  the  bare  tube  evaporator  was  similar  to  that 
of  the  finned  tube  except  that  the  frost  formation  rate  was  more  rapid. 

This  occurred  because  the  heat  exchange  rate  for  the  bare  tube  was  less 
than  the  finned  tube.  Operation  of  the  bare  tube  fluidized  bed  evaporator 
with  a  bed  temperature  greater  than  32°F  resulted  in  bed  moisture  accu¬ 
mulation,  lumping,  termination  of  particle  movement,  blowouts,  and  bed 
freezing.  However,  unlike  the  finned  tube  fluidized  bed  evaporator,  the 
bare  tube  configuration  had  a  thin  layer  of  frost  accumulating  on  the 
downstream  side  of  the  tube  when  the  bed  temperature  was  less  than  32°F. 

Problems  in  maintaining  fluidized  bed  stability  were  experienced 
throughout  the  fluidized  bed  evaluation.  These  problems  were  based  upon 
uneven  air  flow  distribution  and  edge  effects  caused  by  heat  exchanger 
surfaces  and  the  outer  walls  of  the  fluidized  bed  container.  The  air 
distribution  problem  is  common  in  fluidized  beds  but  is  solvable  with 


existing  fluidized  bed  technology.  The  heat  exchanger  edge  effects 
resulted  from  a  large  exchanger-dimens ion/bed-depth  ratio  and  the  use  of 
a  horizontal  heat  exchanger. 

Figures  4  through  8  show  the  fluidized  bed  test  unit  operating  in 
the  NCEL  cold  test  chamber:  Figure  4,  side  view  of  the  unit;  Figure  5, 
end  view  of  the  unit;  Figure  6,  frost  accumulation  on  a  conventional 
finned  heat  exchanger;  Figure  7,  a  fluidized  bed  in  operation;  and 
Figure  8,  bare  tube  heat  exchanger  surfaces  within  the  fluidized  bed. 

Several  concepts  were  evaluated  to  attempt  to  solve  the  moist  bed 
problem.  Maintenance  of  a  bed  particle/air  temperature  below  32°F  for 
all  ambient  conditions  requires  compressor  operating  pressures  and 
evaporator  control  which  are  not  practical.  Reversing  the  refrigerant 
flow  cycle  to  dry  the  moist  bed  provides  no  advantage  over  existing 
reverse-cycle  air-to-air  heat  pumps.  Termination  of  refrigerant  flow 
with  the  air  blower  still  fluidizing  the  particle  bed  will  reduce  the 
bed  moisture  content,  but  this  consumes  extra  energy,  is  difficult  to 
control,  offers  little  or  no  advantage  over  existing  heat  pumps,  and  is 
not  practical  for  ambient  conditions  having  a  high  relative  humidity. 

Two  other  possible  solutions  to  the  bed  moisture  problem  received 
only  cursory  evaluation:  use  of  nonlumping  bed  materials  or  ultrasonics. 
Nonlumping  bed  materials  were  not  actually  evaluated.  However,  the 
addition  of  moisture  to  the  fluidized  bed  increases  the  weight  of  material 
to  be  fluidized  and  the  air  pressure  required  for  fluidization.  The  air 
pressure  required  for  fluidization  is  dependent  upon  the  bed  weight.  A 
variable  pressure  blower  and  a  pressure  control  system  would  be  required 
but  such  requirements  will  increase  the  cost  and  complexity  of  the 
fluidized  bed  exchanger  to  where  it  may  not  be  competitive  with  conven¬ 
tional  units. 

The  use  of  ultrasonics  may  provide  a  method  to  maintain  moist  bed 
stability.  As  in  the  previous  concept  a  variable  pressure  blower  and 
controls  will  be  required.  This  concept  also  increases  the  cost  and 
complexity  of  the  fluidized  bed  evaporator.  However,  ultrasonics  may 
provide  an  independent  method  to  prevent  frost  accumulations  on  conven¬ 
tional  air-to-air  heat  pump  surfaces.  An  investigation  of  ultrasonics 
and  air-to-air  heat  pump  evaporator  frost  elimination  is  recommended. 


CONCLUSIONS 
Bed  Stability 

Fluidized  bed  instability  occurred  often  and  resulted  from  the 
moisture  accumulations,  uneven  air  distribution,  and  bed  configuration. 

Air  distribution  problems,  which  are  caused  by  unlevel  beds  and 
unbalanced  air  passages,  are  correctible  through  design  and  air  balance 
baffles.  This  is  an  engineering  design  problem  and  does  not  require 
research  effort. 

The  bed  configuration  problem  is  normally  a  design  problem  for  most 
fluidized  bed  applications.  However,  since  this  work  is  concerned  with 
heat  pump  applications  and,  specifically,  with  improvement  of  heat  pump 
efficiency,  existing  fluidized  bed  heat  exchanger  designs  are  not  adequate. 
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The  conventional  design  solution  to  the  moisture  accumulation 
problem  would  be  to  use  a  high  pressure  blower  and  vertical  heat 
exchanger,  but  high  pressure  blowers  are  expensive  and  consume  large 
amounts  of  energy.  For  successful  adaptation  of  fluidized  bed  technol¬ 
ogy  to  air-to-air  heat  pumps,  the  total  energy  used  for  the  fluidized 
bed  exchanger  must  be  low  enough  to  justify  the  potential  increased 
equipment  cost.  The  use  of  low  to  medium  pressure  blowers  reduces  the 
amount  of  energy  required  and  lowers  equipment  cost;  however,  the  use  of 
lower  air  pressures  reduces  the  potential  bed  depths  and  requires  the 
use  of  horizontal  heat  exchanger  surfaces.  The  tube-diameter/bed-depth 
ratio  used  for  the  test  unit  was  0.375,  which  was  too  large  and  often 
induced  blowouts.  Further  work  is  required  to  determine  the  ratio  of 
optimum  heat  exchanger  diameter  to  bed  depth  and  particle  size  heat 
exchanger  depth  in  the  fluidized  bed,  and  the  ratio  between  the  space 
between  heat  exchange  tubes,  tube  depth,  and  particle  size. 

Bed  Moisture  Accumulation 

Fluidized  bed  moisture  buildup  occurred  when  bed  particle  tempera¬ 
tures  were  greater  than  32°F.  This  resulted  from  water  vapor  condensation 
and  produced  negative  effects.  Damp  aluminum  oxide  particles  stick  to 
each  other,  reducing  the  particle  surface  area  and  the  drag  lift  provided 
by  the  air  flow  through  the  bed.  It  was  found  that  eventually,  particle 
movement  stopped  and  the  fluidized  bed  action  terminated.  Then  blowouts 
occurred  and  the  stationary  damp  aluminum  oxide  froze.  No  solution  was 
found  for  the  bed  moisture  accumulation  problem. 

Fluidized  Bed  Air-to-Air  Heat  Pump 

The  adaptation  of  fluidized  bed  technology  to  air-to-air  heat  pump 
systems  is  not  feasible  because  of  the  effects  of  bed  moisture  accumulation. 
Several  potential  methods  to  negate  the  moist  bed  effects  were  evaluated, 
but  no  practical  solution  was  developed.  Further  effort  related  to  the 
use  of  a  fluidized  bed  to  solve  the  air-to-air  heat  pump  evaporator 
frost  accumulation  problem  could  not  be  justified  and  the  project  was 
terminated. 
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STATE  UNIV.  OF  NEW  YORK  Fort  Schuyler.  NY  (Longobardi) 

STATE  UNIV.  OF  NY  AT  BUFFALO  School  of  Medicine.  Buffalo.  N't 
TEXAS  A&M  UNIVERSITY  W  B  Ledbetter  College  Station.  IX 

UNIVERSITY  OF  CALIFORNIA  Energy  Engineer  Davis  CA:  LIVERMORE.  CA  (LAWRENCE 
LIVERMORE  LAB.  TOKARZ):  UC'SF.  Physical  Plant.  San  Francisco.  CA 
UNIVERSITY  OF  DELAWARE  Newark.  DE  (Dept  of  Civil  Engineering.  Chesson) 

UNIVERSITY  OF  FLORIDA  Dept  Arch  .  Morgan.  Gainesville.  FL 
UNIVERSITY  OF  HAWAII  HONOLULU.  HI  (SCIENCE  AND  TEC  H  DIV  I 
UNIVERSITY  OF  ILLINOIS  (Hall)  Urhana.  IL:  URBANA.  II.  (LIBRARY) 

UNIVERSITY  OF  MASSACHUSETTS  (Heronemus).  ME  Dept.  Amherst.  MA 
UNIVERSITY  OF  NEBRASKA-LINCOLN  Lincoln.  NE  (Ross  Ice  Shelf  Proj.) 

UNIVERSITY  OF  NEW  HAMPSHIRE  Elec.  Engr.  Depot.  Dr.  Murdoch.  Durham.  N  il. 

UNIVERSITY  OF  TEXAS  Inst.  Marine  Sci  (Library).  Port  Arkansas  TX 
UNIVERSITY  OF  TEXAS  AT  AUSTIN  AUSTIN.  TX  (THOMPSON) 

UNIVERSITY  OF  WASHINGTON  Seattle  WA  (E.  Linger) 

UNIVERSITY  OF  WISCONSIN  Milwaukee  W!  (Ctr  of  Great  Lakes  Studies) 

ARVID  GRANT  OLYMPIA.  WA 

ATLANTIC  RICHFIELD  CO.  DALLAS.  TX  (SMITH) 

BECHTEL  CORP.  SAN  FRANCISCO.  CA  (PHELPS) 

BROWN  &  ROOT  Houston  TX  (D.  Ward) 

CHEMED  CORP  Lake  Zurich  IL  (Dearborn  Chem.  Div. Lib.) 

COLUMBIA  GULF  TRANSMISSION  CO.  HOUSTON.  TX  (ENG.  LIB.) 

DESIGN  SERVICES  Beck.  Ventura.  CA 
DIXIE  DIVING  CENTER  Decatur.  GA 
DURLACH.  O'NEAL.  JENKINS  &  ASSOC.  Columbia  SC 
GARD  INC.  Dr.  L.  Holmes.  Niles.  IL 

LITHONIA  LIGHTING  Application  eng.  Dept.  (B.  Helton).  Conyers.  GA  30207 
MCDONNEL  AIRCRAFT  CO.  (Fayman)  Engrng  Dept..  St.  Louis.  MO 
MEDERMOTT  &  CO.  Diving  Division.  Harvey.  LA 

NEWPORT  NEWS  SHIPBLDG  &  DRYDOCK  CO.  Newport  News  VA  (Tech  Lib.) 

PACIFIC  MARINE  TECHNOLOGY  (M.  Wagner)  Duvall.  WA 
PG&E  Library.  San  Francisco.  CA 

PORTLAND  CEMENT  ASSOC.  Skokie  IL  (Rsch  &  Dev  Lab.  Lib  ) 

RAYMOND  INTERNATIONAL  INC  E  Colic  Soil  Tech  Dept.  Pennsauken.  NJ 
SANDIA  LABORATORIES  Albuquerque.  NM  (Vortman):  Library  Div  .  Livermore  CA 
SCHUPACK  ASSOC  SO.  NORWALK.  (T  (SCHUPACK) 

SHELL  DEVELOPMENT  CO.  Houston  TX  (C  Sellars  Jr.) 

TEXTRON  INC  BUFFALO.  NY  (RESEARCH  C  ENTER  LIB  ) 

TRW  SYSTEMS  REDONDO  BEACH.  CA  (DAI) 

UNITED  TECHNOLOGIES  Windsor  Locks  CT  (Hamilton  Std  Div  .  Library) 

WARD.  WOLSTENHOLD  ARCHITECTS  Sacramento.  CA 


